ABSTRACT Background: An obesity subphenotype, named 'metabolically healthy obese' (MHO) has been recently defined to characterise a subgroup of obese individuals with less risk for cardiometabolic abnormalities. To date no data are available on participants born with small weight for gestational age (SGA) and the risk of metabolically unhealthy obesity (MUHO).
INTRODUCTION
Obesity is a condition frequently accompanied by adverse metabolic outcomes such as hypertension, [1] [2] [3] insulin resistance (IR), type 2 diabetes 4 and dyslipidaemia among others. 5 6 However, studies have shown that not all obese individuals display such cardiometabolic abnormalities and a metabolically healthy obese (MHO) phenotype versus a metabolically unhealthy obese (MUHO) 7-9 phenotype has been described.
Some studies showed that, unlike MUHO people, MHO particiapnts are not at increased risk of metabolic complications and some studies [10] [11] [12] but not all, 13 14 indicate that they do not show evidence of increased risk of type 2 diabetes, of cardiovascular diseases or even of mortality when compared with metabolically healthy normal weight individuals. The discrepancy in the results seen in different studies might stem from the absence of a precise definition of MHO which varies among studies. 9 Why some obese participants can benefit from MHO phenotype is still unclear, but some reasons such as greater metabolic reserve, fitness, increased muscle mass and strength have been proposed. 15 Low birth weight and smallness for gestational age (SGA) have both been associated with later higher susceptibility for development of impaired metabolic phenotype such as obesity, hypertension, IR, as well as type 2 diabetes in adulthood. This has been well documented in several studies, raising primarily nutritional inadequacies during fetal and early life. [16] [17] [18] [19] [20] Data from the Haguenau cohort showed that participants born SGA have a sixfold
Strengths and limitations of this study ▪ Homogeneous population. ▪ High participation rate which reduces selection bias between appropriate for gestational age (AGA) and small weight for gestational age (SGA). ▪ Participants have completed pubertal development and are not at an advanced age to confound insulin resistance development. ▪ First study to evaluate risk of metabolically unhealthy obesity in obese young adults born SGA versus those born AGA. ▪ Small subgroup of the population and thus might have not had enough power to detect significant differences with regard to metabolic variables.
increase in metabolic syndrome development at the age of 22 when compared with individuals born with appropriate weight for gestational age (AGA). 21 To the best of our knowledge, there are no data available comparing metabolic outcomes of obese adults born SGA with obese adults born AGA nor on the risk of a metabolically unhealthy phenotype in the obese SGA population. We hypothesise that since SGA individuals tend to exhibit more unfavourable metabolic outcomes in adulthood, they would also not benefit from a MHO phenotype in case of obesity. On the other hand, obese AGA individuals would have a higher favourable risk of evolution towards MHO in comparison to their SGA counterparts. The objective of this study was to assess the risk of MUHO in obese SGA versus AGA individuals in the French Haguenau cohort. One of the most important interests of the Haguenau cohort is that the recruited participants are young adults who have completed body development. Studying a group of young obese adults could avoid the presence of confounding metabolic or non-metabolic factors that would be present in the case of obesity at an older age.
METHODS

Study population
Data were drawn from the Haguenau cohort, a community-based cohort derived from a maternity registry of the metropolitan area of the city of Haguenau (France) with the purpose of investigating the long-term consequences of being born SGA. 22 Briefly, the registry included information about all pregnancies and deliveries occurring at the Haguenau maternity hospital from 1971 to 1985 with 80% degree of completeness.
SGA and AGA individuals were all singleton births and born between 32 and 42 weeks of gestation. SGA were individuals born with body weight <10th centile with respect to local standard growth curves, and AGA individuals were born between the 25th and the 75th centiles for sex and gestational age and were selected as the next full-term singleton after the selection of a SGA individual. 23 Data in the Haguenau cohort were drawn at two time points. The first visit took place when singletons were on average 22 years of age, and participants who agreed to participate were 886 AGA individuals and 734 SGA. 21 The second visit was conducted between April 2005 and December 2008 with a participation rate of 80.7%. A total of 1308 participants thus agreed to participate (593 SGA and 715 AGA) in the cohort. Sensitivity analyses of the missing participants at follow-up (1308 vs 1620) did not disclose any important differences and detailed description about it is available elsewhere. 23 For the purpose of this analysis, only obese SGA and AGA individuals at the second visit, when they were on average 30 years old, were included (figure 1 23 ). Measurement strategy: Details about measurements are available in a previous paper. . One hundred and thirty-two obese individuals (74 SGA and 58 AGA) were thus identified and 129 (69 women and 60 men) with complete data set were included in the analyses (figure 1). Data for waist circumference and percentage of body fat mass were available but not included in the analyses for multicollinearity purposes.
MHO phenotype was determined using the HOMA-IR index for the whole population and using the following formula: (insulin (μU/mL)×glucose (mmol)/22.5). The HOMA-IR index relies on fasting glucose and insulin with higher scores signifying greater IR. Participants were classified as MHO if they belonged to the three first lower quartiles of this index and had a BMI≥30. 24 Metabolic variables: Data on fasting serum lipids such as total cholesterol, high-density lipoprotein cholesterol (HDL-c), triglyceride and also on plasma glucose and insulin concentration were available and details are included elsewhere. 23 Blood samples were collected after an overnight fast for the measurement of serum lipids, plasma glucose and serum insulin concentrations and at the same time of anthropometric measurements. Laboratory procedures, plasma glucose, total cholesterol, HDL-c and triacylglycerol concentrations were measured with enzymatic methods. Serum insulin concentrations were measured using an immunoradiometric method (Bi-insulin IRMA; Cisbio International, Gif-sur-Yvette, France). Cross-reactivity with intact proinsulin and des-31, 32 proinsulin was <1%. The detection limit was 3.0 pmol/L and interassay CV was <6.5%. Blood pressure was measured in the right arm of seated individuals after a 30 min rest, using an automated device (Dinamap; Critikon, Neuilly-Plaisance, France) and a cuff of recommended size for the mid-upper arm circumference. Three measurements were made at 1 min intervals and the average of the last two measurements was used in the analysis. All data from blood samples were collected at the same time of anthropometric measurements.
Covariates: Age and sex were determined using the baseline questionnaire. Level of education was used as a proxy for socioeconomic status. Physical activity was assessed as number of hours of physical activity per week.
All participants gave written consent.
Statistical analyses
Descriptive statistics were performed to provide characteristics of the obese SGA-born versus obese AGA-born and are presented as means±SD or percentages as appropriate. A general linear model controlling for age and sex was performed in order to explore the differences in metabolic variables of obese SGA versus AGA individuals.
Residual distributions were checked for normality. To determine the relative risk (RR) of MUHO in SGA-obese versus AGA-obese individuals, the SAS Genmod procedure adjusting for age and sex was used. We chose to adjust for age and sex since they were both significant in the models for most of the metabolic variables. All tests were two-tailed and p<0.05 was considered significant. All analyses were undertaken using SAS V.9.3 software (SAS, Cary, North Carolina, USA).
RESULTS
Clinical characteristics of the study population at birth were previously described in detail. 22 23 Briefly, individuals were all born full term and sex distribution did not differ between the AGA and SGA groups. According to the selection criteria, individuals born SGA were lighter (2627±296 vs 3366±274 g), shorter (47.7±2 vs 50.3±1 cm) and thinner (11.6±1.1 vs 13.3±0.8 kg/m 2 ) at birth than individuals born AGA.
Obese AGA-born and SGA-born were similar with regard to age and sex (table 1) . No significant difference was observed for physical activity between obese AGA-born and SGA-born individuals.
Significant differences were seen for fasting HDL-c and insulin levels in obese AGA-born versus obese SGA-born, but they disappeared after adjustment for age and sex. Table 2 presents results as a function of HOMA-IR quartiles for obese AGA-born and SGA-born. Quartiles 1, 2 and 3 (Q1, Q2 and Q3) are considered metabolically healthy versus quartile 4 (Q4) considered metabolically unhealthy.
A significant difference was observed for Q1-Q3 versus Q4 for fasting insulin, glucose and HOMA-IR in both obese SGA-born and AGA-born (Q4 having a higher fasting insulin and glucose levels vs Q1-Q3). However, when comparing MHO-SGA-born (Q1-Q3) versus MHO-AGA-born (Q1-Q3), no significant differences were observed except for fasting insulin which was higher in MHO-AGA-born (Q1-Q3). Table 3 presents the univariate-adjusted and multivariate-adjusted RRs for MUHO risk in the SGA-born versus AGA-born category. Independently of sex and age, individuals who were obese at the age of 30 and born SGA had an increased risk of MUHO when compared with obese individuals born AGA (RR=1.27; 95% CI 1.01 to 1.6). In a second set of analyses, we also entered socioeconomic status and physical activity in our model as covariates; we still obtained the same results (significantly higher risk of SGA for MUHO; data shown as online supplementary data).
DISCUSSION
The present study showed that the risk of belonging to the metabolically unhealthy phenotype was highest among young obese adults born SGA compared with their counterparts born AGA. 23 AGA, appropriate for gestational age; SGA, small for gestational age. A total of 66.3% of the population were of normal weight and 10% obese, which is less than the recently reported percentage of obesity (15%) among French adults. 25 26 We only found a significant difference in fasting insulin while comparing MHO-SGA versus MHO-AGA showing that MHO-AGA might have a better metabolic health than MHO-SGA. No significant differences were observed for other characteristics. According to the criteria we have studied, only risk of belonging to the MUHO phenotype was statistically significant in SGA-obese versus AGA-obese, so more studies are needed to understand and identify this risk difference and complementary studies will better characterise these two phenotypes for a better preventive approach.
Previous results from the Haguenau cohort have shown that being born SGA is a significant contributor to the risk of metabolic syndrome and SGA individuals had higher levels of IR. 21 This higher probability of developing the metabolic syndrome for SGA-born individuals, could be related to both an increased weight gain (catch up process), and to fetal programming itself. 27 The mechanisms underlying the favourable metabolic profile of MHO versus MUHO remain unclear. Epidemiological studies showed that obese individuals with no metabolic abnormalities and good level of fitness have a very good prognosis in long-term studies, even if MHO individuals sometimes showed a slightly higher risk of morbidities compared with healthy lean normal weight controls. 9 26 The idea that some obese individuals develop cardiometabolic complications but not others has been proposed by Vague 28 several years ago. Since then, researchers have tried understanding what was differentiating the so-called MHO in contrast with metabolically unhealthy participants. A potential pathophysiological hypothesis has been suggested in a recent study 29 where MHO individuals had a decreased capacity of adipose tissue to transport glucose. Conversion of carbohydrate precursors was associated with adverse effects on metabolic health which would lead to decreased insulin sensitivity and metabolic syndrome. 29 Adiposity, which is reduced at birth in SGA infants, undergoes a catch-up growth process during infancy and might lead to a disproportionately high fat mass in relation to muscle mass which is in turn involved with higher IR. McLaughlin et al 30 found that MUHO individuals have higher levels of small adipose cells and decreased expression of differentiation markers, which could contribute in an unfavourable metabolic profile in MUHO individuals compared with MHO.
To the best of our knowledge, there is no published study comparing SGA-born and AGA-born individuals for metabolically healthy or unhealthy obesity. A study carried out on obese adolescents has shown that those who had high birth weight had higher adiponectin levels and increased insulin sensitivity compared with obese adolescents with low birth weight. 31 Other data 23 in the literature showed differences between SGA versus AGA for cardiovascular abnormalities later in life regardless of BMI but not on the MUHO phenotype in case of obesity and after 8 years of inclusion. However, since several studies have shown that SGA individuals display unfavourable metabolic profiles when compared with AGA ones; 23 the same explanations underlying the favourable metabolic profile in MHO participants from the general population could be used in the obese ones. The percentage of MHO in this study is 26%, which is in the range of what is usually found in other studies using different methods to assess metabolically healthy obesity. 26 We are not aware of any study comparing MUHO phenotype in obese individuals by birth weight for gestational age. We used the HOMA-IR index to determine the metabolically unhealthy phenotype. The HOMA-IR index has been shown to be an efficient measure of health status in the obese population. 26 The main strengths of the present study include the homogeneous population studied and the high participation rate which reduces the risk of selection bias between SGA-born and AGA-born adults. Individuals grew up at a time where nutritional conditions were optimal and uniform in the area of Haguenau. Besides, participants have completed their pubertal development and are not at an advanced age to confound IR development and diabetes with ageing, making it a suitable population to answer our question. Furthermore, to the best of our knowledge, this is the first study that evaluated the risk of MUHO with regard to birth weight for gestational age; and the first study to highlight the importance of studying different phenotypes of at-risk populations. We adjusted for age and sex in order to minimise confounding bias. Moreover, further adjustment for physical activity and socioeconomic status did not change the results.
Our study has however some limitations. We are using a small subgroup of the population and thus might have not had enough power to detect significant differences with regard to metabolic variables; still we were able to find a difference in the risk of MUHO in SGA versus AGA participants. Besides, we have used the HOMA-IR as a definition for the MHO phenotype, because of the lack of a standard definition for MHO, other ways of classifying MHO versus MUHO might lead to different interpretations. In summary, we have shown that young obese SGA-born individuals had a higher risk of belonging to the MUHO phenotype defined by the HOMA-IR index. Those findings are specific to this homogeneous population but can however be generalised to other young obese adults born SGA. The results from this study highlight the understanding of the importance of IR as a determinant for metabolically healthy obesity as well as the importance of preventing births that are SGA. In conclusion, SGA might confer a higher risk than AGA with regard to MUHO independently of age, sex, physical activity level and socioeconomic status. Further studies are needed to confirm our findings in different populations.
